ABSTRACT Background: Acute bronchiolitis during infancy and human rhinovirus (HRV) lower respiratory tract infections increases the risk of asthma in atopic children. We aimed to explore whether specific viruses, allergic sensitisation or cortisol levels during acute bronchiolitis in infancy increase the risk of early asthma, using recurrent wheeze as a proxy. Methods: In 294 children with a mean (range) age of 4.2 (0-12) months enrolled during hospitalisation for acute infant bronchiolitis, we analysed virus in nasopharyngeal aspirates, serum specific immunoglobulin E against food and inhalant allergens, and salivary morning cortisol. These factors were assessed by regression analyses, adjusted for age, sex and parental atopy, for risk of recurrent wheeze, defined as a minimum of three parentally reported episodes of wheeze at the 2-year follow-up investigation. Results: At 2 years, children with, compared to without, recurrent wheeze had similar rates of respiratory syncytial virus (RSV) (82.9% versus 81.8%) and HRV (34.9% versus 35.0%) at the acute bronchiolitis, respectively. During infancy, 6.9% of children with and 9.2% of children without recurrent wheeze at 2 years were sensitised to at least one allergen (p=0.5). Neither recurrent wheeze nor incidence rate ratios for the number of wheeze episodes at 2 years were significantly associated with specific viruses, high viral load of RSV or HRV, allergic sensitisation, or morning salivary cortisol level during acute bronchiolitis in infancy. Conclusion: In children hospitalised with acute infant bronchiolitis, specific viruses, viral load, allergic sensitisation and salivary morning cortisol did not increase the risk of early asthma by 2 years of age. @ERSpublications In infants with acute bronchiolitis, specific viruses including human rhinovirus, viral load and/or allergic sensitisation did not increase the risk of asthma by 2 years of age.
Introduction
Acute bronchiolitis is the most common viral lower respiratory tract infection (LRTI) leading to hospitalisation in infants [1, 2] , with respiratory syncytial virus (RSV) being the most commonly identified virus, followed by human rhinovirus (HRV) [3, 4] . Infants with moderate to severe bronchiolitis [5] [6] [7] [8] [9] and infants with atopic parents [7, 10] are reported to be at increased risk of developing recurrent wheeze and subsequent asthma. Both viral and host-specific factors may influence disease progression [6, 9] . A high genomic load of RSV has been associated with increasing disease severity [4, 11] but has not been well studied in relation to later wheeze and asthma.
Viral LRTI in children who are sensitised to allergens may increase the risk of childhood asthma development compared to LRTI in the absence of allergic sensitisation [10, 12] . A likely causal relationship between HRV in the presence of aeroallergen sensitisation and increased risk of wheeze, particularly at 1 year of age, has been suggested based upon a study among 285 high-risk children [13] , while a Swedish cohort study reported that severe RSV bronchiolitis was a strong risk factor for allergic sensitisation later in childhood [14] . However, we are not aware of studies assessing the role of early allergic sensitisation in early infancy in risk of asthma, nor are we aware of allergic sensitisation being evaluated in terms for interactions with bronchiolitis for future asthma risk. We recently demonstrated that 8.4% of infants with acute bronchiolitis (4.2 months) were sensitised to at least on allergen [15] .
The potential interaction between specific respiratory viruses and early allergic sensitisation in the development of asthma is therefore unclear, while studies assessing the role of allergic sensitisation and RSV/HRV infection in infants younger than 1 year for later asthma are largely lacking.
Increased levels of plasma and saliva cortisol during acute bronchiolitis [16, 17] may reflect the response to acute stress, while low cortisol levels are observed in children with asthma and allergic rhinitis [18, 19] . Stress, measured by serum cortisol levels, may therefore be involved in immune dysregulation, which may further increase airway inflammation through elevation of proinflammatory cytokines [20] . It is not clear if cortisol levels during acute bronchiolitis are associated with the subsequent development of asthma.
The aims of the present study were therefore to explore whether specific viruses, high viral load of RSV or HRV, allergic sensitisation, or morning salivary cortisol in infants with acute bronchiolitis increase the risk of early asthma.
Subjects and methods

Study design
The present study included all children enrolled in the multicentre, randomised clinical Bronchiolitis ALL South-East Norway trial during hospitalisation for acute bronchiolitis in infancy, and who attended a 2-year follow-up study [21] . Briefly, 404 infants with moderate to severe acute bronchiolitis <12 months of age were enrolled at the time of admission to one of eight hospitals in southeast Norway in 2010 and 2011 [22] . Inclusion criteria included clinical signs of bronchiolitis [23] and a clinical score [24] of at least 4 on a scale from 0 to 10, 10 indicating most severe disease (table S1). Infants with severe underlying disease, more than one previous episode of wheeze or 4 weeks persistent lower airway symptoms, or use of inhaled or systemic steroids in the last 4 weeks were excluded.
At enrolment, we performed a structured parental interview, and collected nasopharyngeal aspirates for viral analyses, blood samples for specific immunoglobulin E (s-IgE) analyses and morning salivary sample for cortisol analyses. The 2-year follow-up visit included parental structured interviews for detailed medical history and a clinical investigation.
Caregivers of all infants provided informed written consent at enrolment. The study was approved by the Regional Committees for Medical and Health Research Ethics and by the Norwegian Medicine Agency. The Bronchiolitis All South-East Norway study is registered at www.clinicaltrials.gov (NCT00817466) and EudraCT (2009-012667-34) , and is registered in the Norwegian Biobank Registry. The study was audited by the Norwegian Medicines Agency in 2011.
Subjects
The baseline characteristics of the 294 children who attended the 2-year follow-up visit were not significantly different from the 110 nonattendees, apart from a higher maternal ( p<0.001) and paternal ( p=0.019) education (table S2).
Methods
Structured interview by study physicians with caregivers at both visits addressed the previous and current health of the child and family members, parental atopy, socioeconomic factors and ethnicity, with a focus on episodes of bronchial obstruction (wheeze). Parental education was categorised into five levels; from 1 (no school completed) to 5 (higher education, >3 years), with further details provided in the supplementary material.
Wheezing episodes were reported based upon the questions, "Has the child had episodes of wheezing and/ or chest tightness? If yes: specify the total number of episodes from birth to enrolment (first assessment) and from enrolment to the two-year assessment." Additionally, parents were asked if the child had doctor-diagnosed asthma.
Virus analyses including RSV and HRV, as well as HRV subtypes A/B and C, were performed using real-time PCR at the Dept of Allergy, University of Athens (Athens, Greece), as described in detail elsewhere [4] . As previously described in detail, high viral genomic load was identified using data-driven cluster analyses restricted to five clusters and classified as high versus all other concentration clusters per virus [4] .
Blood samples were collected by venepuncture and analyses of s-IgE were performed at Fürst Medical Laboratory (Oslo, Norway) using ImmunoCAP (Phadia AB, Uppsala, Sweden). We first screened for allergic sensitisation with Phadiatop Infant, and in all samples proceeding with further analyses in all samples with serum s-IgE ⩾0.15 kU·L −1 (n=89), for s-IgE to hen's egg white, cow's milk, peanut, cat, dog, birch, timothy and house dust mite. All analyses were performed in one batch and specified down to 0.10 kU·L −1 . Allergic sensitisation was defined as s-IgE ⩾0.35 kU·L −1 to at least one allergen. Results from analyses using the cut-off level of 0.1 kU·L −1 are provided in the table S3 [15] .
Salivary cortisol sampling was performed the first morning after hospital admission, as soon as possible after the child's awakening (after 06:00 h) and before the child's first meal, using two sorbettes (hydrocellulose; Salimetrics Europe Ltd, Suffolk, UK) as previously described in detail [25] . The sorbettes were then frozen at −86°C until transferred to Karolinska Institutet (Stockholm, Sweden) for analysis by radioimmunoassay [17] .
Outcomes and potential explanatory variables
The primary outcome was early asthma by use of the proxy recurrent wheeze at 2 years, defined as at least three episodes of wheeze, including the acute bronchiolitis at enrolment. We also used the total number of wheezing episodes by 2 years of age.
The main explanatory variables were: the presence of RSV, HRV, and HRV subtypes A/B and C in nasopharyngeal secretions; viral genomic load of RSV and HRV; allergic sensitisation to any allergen, any food allergen or any inhalant allergen, or to single allergens; as well as salivary morning cortisol level. Sex, age, parental atopy and time from birth to the time of the 2-year follow-up, hereafter referred to as exposure time, were used as covariates.
Statistical analyses
Continuous data were analysed using Students t-test and are presented as mean values with standard deviations, ranges or 95% confidence intervals, where appropriate. Categorical data, analysed by Pearson Chi-squared test, are given as numbers and percentages.
The analyses focused on the total number of wheezing episodes experienced by 2 years of age, including the acute bronchiolitis at enrolment. A dichotomisation with at least three events was used as a proxy for early asthma and served as our primary outcome. It was analysed by a logistic regression.
A secondary analysis focused on the actual counts of wheezing episodes. According to the inclusion criterion, all children had at least one incidence and therefore a zero-truncated Poisson regression would be a natural candidate for this analysis. Due to overdispersion, the zero-truncated negative binomial model was, however, found more suitable. Both models used the same set of explanatory variables: the presence of RSV, HRV, and HRV subtypes A, B and C; viral genomic load of RSV and HRV; allergic sensitisation to any allergen, any food allergen or any inhalant allergen, or to single allergens as well as salivary morning cortisol level. Relevant interaction analyses were performed. Both models were adjusted for age, sex and parental atopy. The exposure time, given by the time from birth to the time of the 2-year follow-up, was used as an offset.
The significance level was set to 0.05 (5%). Analyses were performed using IBM SPSS version 25.0 (IBM, Armonk, NY, USA.) and R 3.6.0 (The R Foundation, Vienna, Austria).
Results
Baseline and clinical characteristics at enrolment of the 294 children are shown in table 1. The mean age (range) was 4.2 (0-12) months at enrolment and 24.5 (9.7-35.2) months at the 2-year follow-up visit.
The most commonly identified virus was RSV, in 82% of cases, with a high genomic load observed in 54%; followed by HRV, identified in 35% (table 1 and figure S1 ).
Allergic sensitisation was present in 8.1% of the infants, with food allergen sensitisation in 7.4% and 1.8% being sensitised to inhalant allergens. 13 infants (4.8%) were monosensitised ( At the 2-year follow-up investigation, 49% had recurrent wheeze, while doctor-diagnosed asthma was reported for 56 (19%) children. The mean±SD number of wheeze episodes was 5.25±7.4 at 2 years of age and 49% had used at least one asthma medication during the last year (table 1) .
Recurrent wheeze by 2 years of age was neither significantly associated with RSV or HRV, nor with rates of high viral load of RSV or HRV during acute infant bronchiolitis ( figure 1a and table 1 ). The rate of HRV C at the time of acute bronchiolitis was similar in children with recurrent wheeze (25.6%) and without recurrent wheeze (23.4%) ( p=0.7).
Allergic sensitisation at enrolment was not significantly different among infants with (7.4%) compared to those without recurrent wheeze (9.2%) ( p=0.49) (figure 1b). Similar results were observed using analyses with cut-off values of allergic sensitisation of 0.10 kU·L −1 (table S3) .
Morning salivary cortisol levels in infancy were similar among children who, at 2 years of age, had recurrent wheeze and children who did not (geometric mean (95% CI) 33. , respectively) (figure 1c).
In multivariate analyses adjusted for age, sex, parental atopy and time since enrolment, recurrent wheeze at 2 years of age was not significantly associated with specific viruses, high viral load of RSV or HRV, allergic sensitisation, or morning salivary cortisol level in infancy (table 2) . We found no significant interactions between specific viruses, viral load sensitisation and salivary cortisol levels.
The zero-truncated negative binomial regression analysis showed no significant effects upon the incidence rate ratios for recurrent wheeze of any specific viruses, high viral load of RSV or HRV, allergic sensitisation, or morning salivary cortisol level (table 3) . No significant interactions between specific viruses, viral load sensitisation and salivary cortisol levels were further identified.
Discussion
Recurrent wheeze at 2 years of age was not significantly associated with specific viruses, high viral load of RSV or HRV, allergic sensitisation, or morning salivary cortisol during acute bronchiolitis leading to hospitalisation in the first year of life.
The lack of associations between recurrent wheeze at 2 years of age and type of virus identified during the acute bronchiolitis in infancy in our study is supported by a Swedish and Norwegian study reporting that the risk of asthma and recurrent wheeze at follow-up in early childhood was independent of the presence of RSV during acute bronchiolitis [9, 26] . Furthermore, recurrent wheeze at 5 years of age was similar among HRV and RSV associated wheeze during infancy in 198 high-risk infants in an Australian birth cohort [10] . In contrast, a recent review [5] and others [7, 27] suggests that HRV-induced LRTI increase future asthma risk compared to other viruses, in line with a suggestion that the epithelial barrier function in the airways may be impaired with HRV infection, initiating an airway inflammatory response [28] . The apparent differences in associations between HRV versus RSV and later wheeze in our, compared to an Italian [29] and a Finnish study [30] , may be related to differences in the detected viruses at the acute bronchiolitis. While we found HRV in 6%, RSV in 53% and both in 29% (figure S1), the Italian study of 230 infants using nasal washes identified HRV in 9%, RSV in 43% and both in 0.4%, and the Finnish study of 329 infants found the corresponding rates of 11%, 63% and 3% in nasopharyngeal aspirates, respectively. Thus, the analytic sensitivity of viral detection or the viral profile among the populations may influence the likelihood of detecting risk differences for later recurrent wheeze. Furthermore, the young age of our study population compared to infants older than 1 year may reflect different pathophysiological mechanisms by which LRTI increases the risk of future asthma. The bronchiolitis cohort studied by SIGURS et al. [14] included infants with RSV bronchiolitis only and healthy controls. This may have contributed to a misconception that increased risk of asthma development was specific for RSV bronchiolitis.
The lack of association between HRV C and recurrent wheeze at 2 years of age in the present study is in contrast to the increased risk of later hospitalisation for respiratory illness in HRV C positive infants [31] , and increased severity of acute asthma in children with HRV C infections compared to HRV A and B [32] .
The finding in the present study that high RSV and HRV genomic loads were not significantly associated with subsequent recurrent wheeze at 2 years of age is, to the best of our knowledge, novel. A high viral load appears to cause more severe bronchiolitis, as shown in the Bronchiolitis All study and by others [4, 11] , but we are not aware of studies investigating the association between viral load during acute infection and later recurrent wheeze and asthma.
Our finding that allergic sensitisation in early infancy was not associated with early asthma does not support the suggestion that early recognition of s-IgE sensitisation against common food and aeroallergens may identify wheezing children who are at risk of asthma development [33] . To the best of our knowledge, this is the first study to explore whether allergic sensitisation at the time of acute infant bronchiolitis increases the risk of recurrent wheeze. Our results are supported by a community-based study of 263 high-risk children that failed to show that a positive skin-prick test at 6 months of age increased the risk of recurrent wheeze at 2 years of age, while persistent wheeze at 5 years was associated with sensitisation first at 2 years of age [10] . Conversely, in a Finnish randomised controlled trial enrolling 3-23-month-old children with their first episode of wheeze, allergic sensitisation at a mean age of 11 months was associated with increased risk of asthma at 8 years of age [34] . Like our study, most children in the Finnish study were admitted to hospital. However, the rate of allergic sensitisation in our study was 8% with only 2% being sensitised to inhalant allergens, while 17% in the Finnish study were sensitised to any allergen and 5% to inhalant allergens. As previously shown in this cohort [15] , infants older than, compared to younger than, 4 months were significantly more often sensitised to allergens. Thus, the young age of the infants in the present study probably represents a time at which most infants have not started to develop s-IgE to relevant allergens increasing the risk of asthma. In the COAST (Childhood Origins of Asthma) birth cohort study [13] , high-risk children sensitised to aeroallergens were at increased risk of wheezing illness caused by HRV, but s-IgE was not analysed before 1 year of age.
No significant interaction was observed between HRV bronchiolitis and allergic sensitisation for recurrent wheeze in the present study. Our novel finding contrasts with the increased risk of asthma observed among children with HRV wheezy illness who were sensitised to allergens, compared to those that were not [10, 13] . The contradictory result may suggest that the underlying mechanisms in acute bronchiolitis may differ from those in older children or may be related to a difference in hereditary risk in the study populations [7, 10, 13] . Our study does, therefore, not support the hypothesis that recurrent wheeze, which is triggered by HRV infection in susceptible infants, is conferred by early allergic sensitisation [10, 12] .
Apart from ours, few studies have assessed the risk of recurrent wheeze related to potential subgroups of bronchiolitis; younger infants with predominantly RSV, a phenotype of HRV in atopic infants and bronchiolitis due to other virus [35] . Clearly, more studies are needed to provide further insight into the role of early allergic sensitisation and viral LRTI in asthma development.
We found no association between cortisol level in infants hospitalised with acute bronchiolitis and recurrent wheeze at 2 years of age, in contrast to the lower saliva cortisol level observed in children with asthma [18] . Previous results in this cohort showed that infants with acute bronchiolitis had higher levels of morning salivary cortisol than controls at enrolment, but similar cortisol levels at 2 years of age [17] .
The present study is strengthened by the prospective design with a 2-year follow up study in a cohort of well-characterised infants hospitalised with acute bronchiolitis. The rate of recurrent wheeze of 47% is in line with others [7, 10, 36, 37] . The study was based on physician-led interviews instead of self-reported questionnaires. Parentally reported wheezing episodes may not, in all cases, have been documented by a physician, which is a potential limitation in this study. However, >80% of the children with, versus 20% without, recurrent wheeze reported to have used asthma medication, supporting the use of recurrent wheeze as a proxy for early asthma. A Swedish study, initially reported by WENNERGREN et al. [9] , reported increased risk of asthma maintained up to 27 years of age [38] Although the size of the study population is reasonable in relation to similar studies, the low number of children with allergic sensitisations in this age group limits the ability of the present study to detect significant interactions with HRV or RSV. A longer follow-up period could have provided further insight into the role of early sensitisation in early viral infection and asthma development.
In conclusion, in children hospitalised with acute bronchiolitis during the first year of life, specific viruses and viral load, allergic sensitisation, and salivary morning cortisol did not increase the risk of early asthma. It remains unclear to what degree allergic sensitisation in early infancy may contribute to early asthma development after viral LRTI.
